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The Big Bang and Expanding Universe

Space is expanding from an initial moment called the Big Bang. As it expands, the universe cools and
becomes less dense. Al distant galaxies are moving apart from each other and away from us.  On
large scales, the universe looks the same in all directions and all parts of space. There is no
preferred center. Our current understanding of the early universe is called the Big Bang model.
Much more will be learned from astronomical observations and from accelerator-based experiments
in the coming years.

-~ A Relic from the Early Universe
AR The Cosmic Microwave Background (CMB) is a
3 R universal bath of lightwaves (photons) from
the hot dense, early universe. They are
- - stretched by the expansion of space. To a
R A part in 100,000, the CMB is the same no
Vi b matter where you look (it is isotropic). The
s Z remaining tiny variations (shown in figure)
are images of the seeds that later form
galaxies and larger cosmic structures.

This is an image of the universe from the time when
atoms first formed. It is @ map of the entire sky showing
CMB light with the uniform part subtracted.
Age of the Universe A marvelous agreement that the age of the universe is about 14 billion
years comes from studying its expansion and the lifecycles of stars and also by dating meteorites.
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History of the Universe

Three major eras in the expansion history followed the hot, dense condition of the earliest
universe. During each era, the expansion depended on the nature of the matter or energy that
dominated the universe at that time.

Eral - A speeds
Observations seem to imply that the very early universe
underwent an extremely rapid, accelerating expansion, called
inflation. In a tiny fraction of a second, inflation expanded
each part of space by a factor of at least 1027. Before
inflation, the portion of the universe visible to us today was a
smooth patch much smaller than a proton. As inflation
ended, the visible universe had grown to the size of a ball
(very approximately). Inflation explains how quantum
fluctuations in the otherwise smooth and isotropic universe
yielded tiny ripples that would eventually grow ino galaxies

_and structures. In the 14 billion years after inflation, the
universe expanded by another factor of about 1027,
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Simulated density fluctuations (ripples) in

the early universe that &entually yield
‘galaxies and clusters of galaxies

Eras 2-3 - I slows and forms .

After inflation, the universe was a plasma or soup of fundamental particles. Photons and fast
moving particles, generically called radiation, gradually lost energy (cooled) as the universe
expanded (the energy went into the expansion). Eventually, slow-moving matter became dominant
over radiation. Over time, larger and larger structures grew, from galaxies to clusters of galaxies to.
superclusters. These began as small differences in the density of matter, but gravitational attraction
made more and more matter clump together. Several interesting stages are indicated in the central
figure. Stars created the higher-mass elements that eventually became part of Earth and of us®The

matter. How this came about is not fully understood.

E / Era 4 - Acceleration: Dark energy speeds expansion .
L A i iverse causes ion and might even reverse the expansion. So it was
" a great surprise in 1998 when observations showed ‘that the expansion of the universe is now
7k accelerating (see the "Expansion History" plot). This implies the existence of a new form of energy,
referred to as dark energy. Scientists are pursuing the nature of dark energy.
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-  ‘Our Cosmic Address
Our sun is one of 400 billion stars.in the Milky Way galaxy, wiich

«is one of more than 100 billion galaxiesin ~_« .
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carly universe had both matter and antimatter in abundance, but today it is almost exclusively
0 :

THE HISTORY AND FATE OF THE UNIVERSE

Eight major stages in the evolution of the universe are illustrated below.
The Big Bang occured everywhere in the universe. Here one region has been illuminated
and followed through time. The expansion is far greater than can be shown here.
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Redshifts and Expansion

Lightwaves stretch with the expansion of space. As the
wavelength of visible light increases, it becomes redder (as
shown for the photons in the central figure). Measuring

this redshift tells us the n 1929,
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space), wavelength increases and raisins move.

pace expands.
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Expansion History of the Universe
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Blue region:

After inflation,

the expansion first
slows down, then
speeds up
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Average distances between galaxies
relative to today's distances

Gold region:
After inflation,
the expansion
always slows down
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Billions of years from today

The large plot shows data from Type Ta supernovae explosions
that occured in the past 9 billion years. Measurements of these
supernovae show an accelerating expansion began billions- of
years ago. The yellow cygve is the best fit to the data. The
smaller plot emphasizes the extremely early universe.
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" Fate of the Universe
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Composition of the Universe

" Whether the expansion of the universe will speed up, slow

down, or even possibly reverse into collapse depends
through gravity on the amount and types of matter and
* energy in it. . %

DARK ENERGY

The ordiffary matter — atoms and nuclei — that formed in
 the early universe can account for the visible mass in galaxies x
and clusters. But it falls far short of the total mass needed to
bind them together gravitationally and explain their internal
motions. So an extraordinary new type of matter, not made of atoms
or nuclei, must exist; it is called dark matter because it is not directly visible.

ORDINARY
MATTER

Even stranger, recent observations of supernovae in distant galaxies show that the expansion of the
universe is in fact accelerating.An exotic dark energy may be causing this acceleration through
a cosmic repulsion that overwhelms the pull of gravity due to matter.

The nature of dark energy and dark matter are two of the great questions facing cosmology and
particle physics. Perhaps dark energy is the cosmological constant, introduced by Einstein in 1917.
Perhaps both are new parts of particle physics, tied to the very earliest moments of the universe
and having to do with the nature of physics and spacetime itself.

Not all answers in science are known yet! With the research and experiments under way in
astrophysics and particle physics, we may be the first generation to learn what most of the universe
is made of and what is the fate of the universe.
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